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Menin, the nuclear protein encoded by the Multiple Endocrine Neoplasia type 1 (MEN1) gene, acts as
a tumor suppressor. It interacts with a large number of proteins involved in chromatin modiﬁcation,
transcription, cell cycle checkpoint and DNA repair, though its exact function is not clear.
We report that in human cells menin stimulates homology-directed (HD) DNA repair induced by
the rare endonuclease I-SceI and it accumulates with Chk1 at the site of the double strand break. In
addition, menin and Chk1 interact in vivo. Deletion of the ﬁrst 228 amino acids of menin impairs the
interaction with Chk1 and the ability to stimulate HD repair, suggesting that the complex menin-
Chk1 on the damaged chromatin facilitates homologous recombination.
Structured summary:
MINT-8045469, MINT-8045480: Menin (uniprotkb:O00255) physically interacts (MI:0915) with Chk1
(uniprotkb:O14757) by anti bait coimmunoprecipitation (MI:0006)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MEN-1 is an autosomal dominant syndrome characterized by
tumors of the parathyroid glands, pancreatic islet cells, adrenal
cortex, and anterior pituitary gland. Germline mutations of the
MEN1 gene along with the loss of wild type allele in tumors of pa-
tients suggest that menin functions as a tumor suppressor and that
the loss of both alleles leads to tumor development [1]. Menin, a
610-amino acid nuclear protein encoded by the MEN1 gene [2]
was ﬁrst characterized as a suppressor of Ras-mediated prolifera-
tion and tumorigenesis [3]. Numerous studies demonstrate an
important role for menin in regulating many cellular functions,
such as: gene transcription, cell proliferation and genome stability.
In fact, menin interacts with several transcriptional factors either
repressing their basal activity, as JunD and NF-kB [4–7], or enhanc-
ing their activity, as Smad3 [8]. Furthermore, we show that menin
represses MAPK-induced transcription by inhibiting ERK and JNK
phosphorylation of nuclear targets such as c-Jun, JunD and Elk-1
[9].
In addition, menin has been shown to be an integral component
of the mixed-lineage leukemia (MLL) histone methyltransferases
(HMT) complex [10–12]. Association of menin with MLL/HMT ischemical Societies. Published by E
.it (A. Gallo), savina.agnese@
sito), mario.galgani@unina.itrequired for the expression of Hoxc8 or CDKN1B and CDKN2C,
which encode the cyclin-dependent kinase inhibitors (CDKIs)
p27KIP and p18Ink4, respectively. Menin also interacts with histone
deacetylases (HDACs) [7] through association with mSin3A, a gen-
eral transcriptional co-repressor. These data suggest that the mul-
tiple interactions of menin with various nuclear protein regulate
chromatin remodeling.
Several studies also suggest a role for menin in the maintenance
of genome integrity. Lymphocytes from MEN-1 patients contain
signiﬁcant chromosomal breakage [13] and pancreatic tumors
from Men-1 patients fail to maintain DNA integrity and chromo-
somal stability [14]. Recent studies show that menin depletion in
Drosophila larvae results in ﬂies that have an elevated rate of
DNA damage-induced mutations [15], further suggesting that me-
nin may function in DNA-damage repair pathway. The DNA dam-
age response is mainly initiated by activating a network of
signals that control cell cycle progression [16,17]. Emerging evi-
dences suggest that menin may regulate cell cycle progression in
several ways. Thus, the loss of menin inhibits the DNA-damage
checkpoint both in Drosophila larvae and mouse embryonic ﬁbro-
blasts [15]. Furthermore, overexpression of the forkhead transcrip-
tion factor CHES1, a component of mSin3a and HDAC containing
transcriptional repressor complex, rescue the observed G1-S
checkpoint defect in Drosophila larvae lacking menin expression
[18]. Menin has been shown to interact with activator of S-phase
kinase (ASK), a regulatory components of the kinase cdc7 [19] that
is essential for cell proliferation. Menin has been shown to inter-
acts with other nuclear proteins, such as Replication Protein Alsevier B.V. All rights reserved.
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function is linked to homologous-directed DNA repair in response
to intra-stand cross-linking and stalling of the replication fork,
respectively. In this mechanism, the ATR kinase, a member with
ATM of PIKK family, plays an important role [16]. ATR functions
as a damage sensor that activates a cascade of effectors; ﬁrst, it
phosphorylates Chk1, the cell-cycle checkpoint kinase, which is re-
quired for cell-cycle delays after DNA damage [23]. Chk1 is not
only crucial for cell cycle checkpoints via degradation of Cdc25
but also for DNA repair, since it is required homologous-directed
DNA (HD) repair [23]. HD repairs double strand breaks (DSBs) gen-
erated by damage agents such as ionizing radiations (IR), intra-
strand cross-linking or replication stalling [24]. Menin accumulates
on the chromatin of DNA damaged cells and that this response is
blocked by the ATR inhibition and mimicked by activated Chk1
[25]. In this context, there is a strong correlation between the role
of menin in DNA damage response or repair and the ATR effector
Chk1.
In the present study we have explored the possibility that me-
nin may have a direct role in HD repair. By using the I-SceI-induced
DNA double-strand breaks system, we show that over-expression
of menin can increase the rate of HD repair in human cells. Further-
more our results reveal that menin physically associates with
Chk1, suggesting that the Chk1/menin interaction may function
in HD repair.2. Materials and methods
2.1. Cell culture and drug treatments
HEK 293 and HeLa DR-GFP (stable cell line) were cultured in
complete Dulbecco’s modiﬁed Eagle’s medium (DMEM) or RPMI
supplemented with 10% Fetal Bovine Serum (Invitrogen, CA,
USA), respectively. The cells also received 2 mM L-glutamine and
1% penicillin–streptomycin and were propagated in incubators
maintaining an atmosphere of 5.0% CO2 at 37 C. Caffeine (Sigma,
St. Louis, MO, USA) was dissolved in DMEM and added at the
indicated concentrations 300 before transfection; after 24 h fresh
medium was applied.
2.2. Plasmids and transfection
Menin cDNA was excised from pCMV-Menin plasmid (gently
received from Dr. Agarwal SK) and subcloned into pcDNA 3.1 vec-
tor (Invitrogen). HA epitope was placed at the extreme NH2 termi-
nus of menin. Two MEN1 missense mutations-H139D and W436R,
were engineered in the plasmid pCMVsportMenin (also received
from Agarwal SK). The deletion mutant CMV-menin-DNH2 was de-
scribed in Gallo et al. [9]. The DR-GFP reporter plasmid is com-
posed of two differentially mutated GFP genes, one of which
contains a unique I-SceI restriction site. I-SceI cleavage yields a
double strand break, which can be repaired by gene conversion
using the uncut GFP cassette as template. Cells, containing a
DR-GFP plasmid repaired by I-SceI-induced HD repair, express
the repaired functional GFP gene, which can be monitored via
GFP ﬂuorescence in individual cells. The pCbASce plasmid used
for HD/ISceI assay, was previously described [28]. The pDSred N1
was from Clontech (Saint-Germain-en-Laye France). These
constructs were transfected in HEK 293 and HeLa DR-GFP cells
according to Lipofectamine reagent protocols (Invitrogen)
2.3. Antibodies
Goat anti-Menin C-19 (Santa Cruz, CA, USA); rabbit anti-Menin/
ChIp grade (Abcam, Cambridge, UK), rabbit anti- phosphoChk1 (Ser345) and mouse anti-phosphoAtm (Ser 1981) (Cell Signaling, New
York, NY, USA), mouse anti-Chk1 tot (Santa Cruz) and mouse anti
HA (Covance, Princeton, New Jersey 08540 USA).
2.4. Immunoprecipitation and Western blot
Whole cell lysates were prepared from freshly collected cells by
using a lysis buffer (20 mM Tris–HCl pH 7.5, 10 mM EDTA, 0,5%
Nonidet P-40, 400 mM NaCl) supplemented with protease inhibi-
tor mixture (Calbiochem, Merck Darmstadt, Germany), 0.5 mM
PMSF and 2 mM sodium orthovanadate. Lysates were incubated
on ice for 15 min and centrifuged at 13,000 rpm for 10 min. Protein
concentration from supernatants was determined by Biorad assay
(Bio-Rad Laboratories, CA, USA). For immunoblots, samples were
loaded in Laemmli buffer on 10% Tris–glycine SDS/PAGE gels,
transferred to nitrocellulose membranes and hybridized
with appropriate antibodies at 1:1000 dilution. Blots were devel-
oped by enhanced chemiluminescence (Roche Diagnostic GmbH,
Mannheim, Germany).
For immunoprecipitation, cell lysates (1.5 mg) were diluted
with lysis buffer w/o NaCl to 150 mM NaCl, precleared with AG-
plus (Amersham, Pharmacia Biotech Buckinghamshire, UK) and
then incubated overnight at 4 C with appropriate antibodies
(2 lg/ml). AG-plus was added to the samples and incubated at
4 C for 1 h. The immunoprecipitates were washed four times
and then subjected to immunoblot as described above.
2.5. Fluorescence activated cell sorter (FACS) analyses
HeLa DR-GFP cells were transfected with pcDNA 3.1/MenHA,
DNH2-Men, H139D or W436R (4 lg each) in presence or absence
of pCbASce (2 lg). To analyse transfected cells, 1.5 lg of pDSred
plasmid was also co-transfected. To maintain the same concentra-
tion of DNA in all transfections, pCMV empty vector was used.
5 days after transfections, cells were trypsinized and collected.
After washing twice in cold PBS, the cells were resuspended in
PBS and 105 cells were further analyzed by the CYAN ATP, DAKOCY-
TOMATION FACScan by using the software ‘‘Summit v4.3”
2.6. Chromatin immunoprecipitations
Subconﬂuent cultures of HeLa-DRGFP (1  106 for each sample)
were transfected with appropriate plasmids and after 24 h cross-
linked by addition of 1% formaldehyde in PBS 1X for 10 min at
37 C. Cells were then lysed in a lysis buffer containing 50 mM
Tris–HCl (pH 7.9), 1% SDS, 10 mM EDTA, 1 mM DTT and protease
inhibitors. Cell lysates were sonicated to obtain chromatin-frag-
ments of 200–1000 bp, then diluted 10 times in dilution buffer
(20 mM Tris–HCl pH 7.9, 2 mM EDTA, 150 mM NaCl, 1 mM DTT,
0.5% Triton X-100, and protease inhibitors) and incubated with
appropriate antibodies or control IgG, overnight at 4 C. Protein
A-Agarose/salmon sperm DNA beads were incubated with chroma-
tin-lysates for 3 h at 4 C. Subsequently, the beads were washed
four times with wash buffer (20 mM Tris–HCl pH 8, 250 mM NaCl,
2 mM EDTA, 0.05% SDS, 0.25% NP40, and protease inhibitors) and
once with TE buffer. Beads were resuspended in elution buffer
(100 mM NaHCO3, 1% SDS) and incubated at 65 C overnight to re-
verse DNA/protein cross-links. Proteinase K was then added for
30 min at 45 C. DNA was recovered by phenol/chloroform extrac-
tion and ethanol precipitation. In re-ChIP experiments, complexes
were eluted from the primary ChIP with 10 mM DTT and subjected
to a second immunoprecipitation as described above. The follow-
ing primers were used to amplify the SCE/GFP sequence, forward:
50-GCTAGGGATAACAGGGTAAT-30 and reverse: 50-TGC ACG CTG
CCG TCC TCG-30. Real Time PCR was performed in triplicate with
1 ll of DNA and 800 nM primers diluted to a ﬁnal volume of
Fig. 1. Menin overexpression promotes homologous direct repair. (A) Flow cytometric analysis of 105 Hela/DR-GFP cells transiently transfected with the pDSred vector with
the indicated plasmids, as illustrated in Section 2. Regions R4, R3 and R2 represent GFP/DSred double positive cells (R4), pDSred (R3) and GFP (R2) positive cells, respectively.
In the right panels, the analysis of caffeine treated cells B The number of GFP positive cells per 100 DSred positive is graphically represented and indicates the means ± S.D. of
ﬁve independent experiments; for all P < 0.05. (C) Western blot analysis of menin (upper panel), HA-I-SceI (middle panel) and b-tubulin (lower panel) of the cellular samples
indicated in A and B.
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200 0 at 95 C, annealing of 200 0 at 55 C, elongation of 450 0 at 68 C
(Applied Biosystem, Foster City, CA, USA) Real time PCR reactions
were carried out in a MJ MiniTM Personal Thermal Cycler apparatus
(Bio-Rad Laboratories). Melting curves were calculated from 60 to
95 C with a temperature transition rate of 0.5 C/s. The fold in-
crease was calculated used the CT differences between sample
and input as previous described [26]. Semi-quantitative PCR was
performed with the same primers with 3 ll of DNA diluted to a ﬁ-
nal volume of 50 ll for 25 cycles: denaturation at 94 C for 300 0,
annealing at 55 C for 300 0, elongation at 70 C for 300 0 using Taq
Polymerase of Eppendorf (Milano, Italy). The products were
analyzed on 1, 5% agarose gels containing ethidium bromide
2.7. Statistical methods
Statistical comparisons were made using the Student’s test.
3. Results and discussion
3.1. Over-expression of menin increases homologous-directed DNA
repair
The role of menin in HD repair was investigated using the DR-
GFP/I-SceI model system for homologous recombination [27]. We
generated and extensively characterized several HeLa clones con-
taining single insertion sites and copies of DR-GFP [28]. DR-GFP-
HeLa cells were transiently transfected either with the pCbASce
plasmid, expressing the HA- tagged I-SceI restriction endonuclease,or with an empty vector control (pC-control). The efﬁciency of HD
repair, which restores a functional GFP gene, was evaluated 5 days
after transfection by ﬂow cytometry. To monitor the transfected
cells, each transfection mix included a pDSred vector, expressing
a red ﬂuorescent protein (see Materials and Methods). In the exam-
ple shown in Fig. 1A, GFP/DSred double positive cells are contained
within region 4 (R4) of the FACS- panels, while the region R2 con-
tains the GFP positive cells and the region R3 contains the pDSred
positive cells. The number of GFP/DSred double positive cells indi-
cates the efﬁciency of repair and it increases signiﬁcantly upon
transfection of the pCbASce vector (Fig. 1A and B). Overexpression
of menin signiﬁcantly stimulates the accumulation of GFP/DSred
double positive cells following I-SceI cleavage. Menin overexpres-
sion alone does not increase the number of GFP/DSred positive
cells (Fig. 1A–B), potentially excluding a role for menin in sponta-
neous recombination. Furthermore, the expression of I-SceI is not
affected by menin (Fig. 1 panel C). As previously shown, the gener-
ation of GFP positive cells in a similar DSB repair assay is depen-
dent on ATM/ATR kinases and it is reduced by treatment with
caffeine, a xanthine derivative which radiosensitizes human ﬁbro-
blasts. The radiosensitizing effects of caffeine are associated with
the inhibition of some components of the checkpoint pathway in
the DNA-damaged cells [8,29,30]. In fact, in our system, caffeine
is able to reduce by about 90% the number of double positive cells
in presence or absence of menin (Fig. 1A, right panels). Together
these results indicate that menin overexpression increases the efﬁ-
ciency of HD repair of DSB through the ATM/ATR pathway.
To demonstrate the inhibitor effect of caffeine on ATM and ATR
pathway we use the damaging agent etoposide. As shown in
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of etoposide on both phosphoATM and phosphoChk1, principle
substrate of ATR. In our system the I-SceI overexpression does
not induce an evident effect on Chk1 and ATM phosphorylation
to compare at short treatment with etoposide (300 at 5lM), in fact
I-SceI induced damage occurrs at the speciﬁc sequences whereas
etoposide induces fragmentation of total DNA (Fig. S1B).
3.2. Menin associates with Chk1
To prove that menin localizes on the DSB in the GFP gene, we
performed chromatin immunoprecipitation (ChIP) assays in the
DNA segment containing the I-SceI restriction site. HeLa-DRGFP
cells were transiently transfected either with the pCbASce plasmid,
expressing the HA-tagged I-SceI restriction endonuclease
under the control of the CMV promoter, or with an empty vector
(pC-control). The cells were harvested 24 h after transfection, the
cross-linked chromatin was immunoprecipitated and the recov-
ered speciﬁc DNA sequences were quantiﬁed by real time PCR.
As shown in Fig. 2B, the amount of Sce sequences co-precipitated
with Menin antibody in the cells transfected with pCbSceI plasmid
was signiﬁcant higher than in control cells. To analyze the link
between menin and HD repair machinery, we investigated a key
kinase in HD repair, Chk1 [23] by performing a re-ChIP experiment.
As shown in Fig. 2C, Chk1 antibody was able to precipitate the SceIFig. 2. Association of Menin with Chk1. (A) Schematic diagram of the DSB region center
primers used for ChIP analysis are indicated as 50 and 30 arrows. (B) Western blot analys
HeLa–DRGFP cells transfected with pC-control or I-SceI plasmids. Equal amounts of cross-
IgG, as indicated. The presence of the SCE segment within each immunoprecipitate was
above and in Section 2. The PCR products were resolved in a 1.5% agarose gel and v
immunoprecipitated chromatin with anti-Chk1 antibody. The presence of the SCE sequen
C) is shown the RT- PCR from three independent experiments in triplicates (fold increas
were immunoprecipitated with a mouse Chk1 antibody (left panel) or rabbit anti menin
Chk1 antibodies, respectively. Input lanes represent 2% of the immunoprecipitated lysatfragment from menin-immunoprecipitated chromatin. The quanti-
ﬁcation was carried out by real time PCR (Fig. 2C). These data sug-
gest that menin and Chk1 co-localize on the same SceI site. To
study the physical interaction between menin and Chk1, the ex-
tract from HEK-293 cells, overexpressing HA-tagged menin (HA-
menin), was immunoprecipitated with a Chk1 speciﬁc antibody.
The resulting immunocomplexes were analyzed for menin byWes-
tern Blot. As shown in Fig. 2D, Chk1 antibody, speciﬁcally co-
immunoprecipitate HA-menin, indicating that menin and Chk1
physically interact in vivo. The interaction was conﬁrmed also by
the reverse co-immunoprecipitation (Fig. 2D, lower panels). To fur-
ther characterize the interaction we used an efﬁcient damaging
agent, etoposide. The treatment of cells with etoposide 5 lM for
2 h does not show a signiﬁcant effect on this interaction.
Also, we examined if menin inﬂuenced the levels and/or the
activity of Chk1. Fig. S2 shows the levels and the phosphorylation
of Chk1, induced by two different DNA damaging agents: etoposide
(panel A) and hydroxyurea (HU) (panel B), that induce replication
associated DSBs. Over-expression of menin does not inﬂuence
Chk1 phosphorylation induced by both damage DNA agents at
the doses and times indicated. These data imply that the interac-
tion between menin and Chk1 is stably present on chromatin, sug-
gesting that the menin functions not as an activator but as a
regulator of Chk1. Similar observations were reported for menin-
RPA interaction [20].ed on the I-SceI site, present only in cassette I in the DR-GFP plasmid. The speciﬁc
is of HA-I-SceI of the total extract from transfected cells for ChIP C ChIP analysis of
linked chromatin were immunoprecipitated with either a menin antibody or control
assessed by semiquantitative and quantitive PCR using speciﬁc primers, indicated
isualized by ethidium bromide staining. (C) Re-ChIP analysis of menin antibody-
ce within each Re-ChIP was assessed as described above. In the lower panels (B and
e ± S.D., P < 0.05). D. Cell extracts from HEK-293 cells, expressing HA-tagged menin,
antibody (right panel). The Western blot was carried out with goat menin or mouse
es; where indicated, the cells were treated with etoposide 5 lM for 2 h.
A. Gallo et al. / FEBS Letters 584 (2010) 4531–4536 45353.3. A N-terminal deletion of menin inhibits the ability to stimulate the
homologous-directed DNA repair and to interact with Chk1
To further characterize the role of menin in HR, we tested sev-
eral mutants of the protein. Two disease-associated MEN1 mis-
sense mutations, H139D and W436R, were tested in our system.
Both mutants did not show signiﬁcant differences compared to
menin wild-type in the stimulation of HD (Fig. 3). On the other
hand, a deletion mutant lacking the ﬁrst N-terminus 228 amino
acids (menin-DNH2) [9] was unable to stimulate HD as wild type
menin (Fig. 3A and B). Since menin interacts with several proteins
with its N terminus [31], we tested the ability of the menin dele-
tion mutant in NH terminus to interact with Chk1. To this end,
we performed co-immunoprecipitation in HEK-293 cells,
ectopically expressing either menin full-length (menin-FL) or
the deletion mutant (menin-DNH2) [9]. As shown in Fig. 3D,
Chk1 co-immunoprecipitates with wild type menin-FL, but not
with menin-DNH2, although the expression levels of both pro-
teins are comparable (see input lanes in Fig. 3D). This observation
indicates that the ﬁrst 228 amino acids in the N-terminal region
of menin are required for Chk1 binding and to stimulate HD re-
pair. Interestingly, the N region of menin is important for the
interaction with RPA and cooperates with the binding with
FANCD2 [20,21], whereas Ches1 and ASK, important in the DNA
replication and cell cycle, bind menin at the COOH terminus.Fig. 3. N-terminal deletion of Menin fails to promote homologous-directed DNA repa
transiently transfected with the pDSred vector with the indicated plasmids. Regions R5,
positive cells, as indicated in Fig. 1A and B. The number of GFP positive cells per 100 D
experiments *P < 0.01 wild-type menin versus I- SceI,**P < 0.05 menin mutants versus I-
cells analyzed in panel A; b-tubulin is shown as loading control; HA-I-SceI as transfection
tagged menin-FL or menin-DNH2 were immunoprecipitated with a mouse Chk1 antibod
blot to detect either menin or Chk1, as indicated. The input lanes represent 2% of immuAltogether our results support a speciﬁc and important function
of menin on homologous repair of DNA lesions. Menin may link
the sensor activity of Chk1 to the assembly of the chromatin re-
pair complex. It remains to be seen if other actors are in the play
orchestrated by menin on the DSB. Since other interactors, RPA
and FANCD2, are required for DNA repair, it is possible that me-
nin may function as a cross-link between different components of
repair machinery.Acknowledgments
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